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Abstract 
 
The importance of the application of unsaturated soil mechanics in geotechnical 
engineering design has been well understood. However, time consumption and neediness 
of specific laboratory testing apparatus in measuring unsaturated soil properties have 
limited the application of unsaturated soil mechanics theories into practice. Though, the 
methods for predicting unsaturated soil properties have been developed, the verification 
for these methods for wide range of soil types is required to increase in practicing 
engineers’ confidence in using these methods. In this study, a new permeameter was 
developed to measure the hydraulic conductivity of unsaturated soils using the steady 
state method and direct measured suction (negative pore-water pressure) values. The 
apparatus is instrumented with two tensiometers for direct measurement of suction during 
the test. The apparatus can be used to obtain the hydraulic conductivity function of sandy 
soil over a low suction range (0 ~ 10 kPa).  First, the repeatability of the unsaturated 
hydraulic conductivity measurement using the new permeameter was verified by 
conducting the tests on two identical sandy soil specimens and obtaining similar results. 
The hydraulic conductivity functions of two sandy soils were then measured during the 
drying and wetting processes of soils. A significant hysteresis was observed when the 
hydraulic conductivity was plotted against the suction. However, hysteresis effects were 
not apparent, when it was plotted against volumetric water content. Further, the measured 
unsaturated hydraulic conductivity functions were compared with its prediction using 
three different predictive methods that are widely incorporated into numerical software. 
The results suggested that these predictive methods could be capable of capturing the 
measured behavior with reasonable agreement. 
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Introduction 
 
The application of flow laws to engineering problems, such as in the design of earth dams, 
tailing dams, clay liners for waste management practice, and slope subjected to rain water 
infiltration (Fredlund et al. 1994), requires the quantification of the hydraulic properties 
of a soil. Darcy’s law is commonly used to model flow of water through an unsaturated 
soil (Buckingham, 1907; Richards, 1931; Childs and Collis-George, 1950). The hydraulic 
conductivity, k, in Darcy’s law and the coefficient of diffusion or moisture diffusivity, D, 
in Fick’s law are examples of hydraulic properties. The latter can be shown to be the 
division of k by the gradient of the moisture retention curve or the soil water 
characteristics curve (SWCC) (Hillel, 1982). In most cases, the pore-air pressure gradient 
in soils is assumed to be zero. Therefore, the flow of water in liquid phase in unsaturated 
soils characterised by both hydraulic conductivity and SWCC is of interest to the present 
study. 
 
The hydraulic conductivity of an unsaturated soil cannot generally be assumed to be a 
constant. Rather, it is a variable which is predominantly a function of the water content or 
the matric suction of the unsaturated soil. In an unsaturated soil, the hydraulic 
conductivity is significantly affected by the degree of saturation (or water content) of the 
soil. Water flows through the pore space filled with water; therefore, the percentage of 
voids filled with water is an important factor. As soil becomes unsaturated, air first 
replaces some of the water in large pores, and this causes the water to flow through the 
smaller pores with an increased tortuosity of the flow path. A further increase in the 
matric suction of the soil leads to a further decrease in the pore volume occupied by water. 
This leads to further resistance to water flow when the air-water interface is drawn closer 
and closer to the soil particles. As a result, the hydraulic conductivity with respect to the 
liquid (water) phase decreases rapidly as the space available for water flow reduces. As 
shown in Figure 1, drying (desorption) and wetting (absorption) SWCCs of most soils 
exhibit an hysteretic behavior (Haines, 1930; Hillel, 1998; Pham et al. 2005): for the 
same suction value, the soil can retain more water in the drying process than the wetting 
process. Therefore, the hydraulic conductivity functions of unsaturated soil measured 
following drying and wetting processes could exhibit the hysteresis when plotted with the 
matric suction (van Dam et al. 1996). Due to high time consumption in measuring the 
hydraulic conductivity function following wetting process, commonly it is measured 
following the drying process (Agus et al. 2005; Tuller and Or, 2002). The permeameter 
developed by Ishikawa et al. (2010) used cellulose filters instead of ceramic disks to 
reduce the testing time and conducted tests only following the drying path. Therefore, the 
hysteresis in hydraulic conductivity functions of unsaturated soils is not well understood.  
 
The hydraulic conductivity function of an unsaturated soil (change in the hydraulic 
conductivity with the suction or water content) can be determined using either direct or 
indirect techniques. Direct measurements of hydraulic conductivity can be performed 
either in the laboratory or in the field. Two most common techniques used in the direct 
measurement of the hydraulic conductivity function of an unsaturated soil are: steady-
state methods (Klute, 1965) that can be performed in the laboratory using a permeameter 
and transient methods which can be performed in the laboratory (Hamilton et al. 1981) or 
in the field (Watson, 1966;  Hillel, 1982). 
 
More attention is increasingly being directed to accurate measurement of the unsaturated 
soil hydraulic properties close to saturation (Leij and van Genuchten, 1999), i.e., to 
moisture conditions that are strongly affected by soil structure and macro-pores. 
Traditional transient laboratory methods such as horizontal infiltration method (Klute and 
Dirksen, 1986), out flow methods (Gardner, 1956; Benson and Gribb, 1997), and 
instantaneous profile methods (Richards and Weeks, 1953; Chiu and Shackelford, 1998) 
show relatively little sensitivity to the hydraulic conductivity at near-saturated conditions 
and hence are more suitable for estimating the hydraulic conductivity at medium 
saturation levels. These methods usually fail in the near-saturation range where the 
hydraulic conductivity is highest, leading to very small hydraulic gradients that cannot be 
determined with sufficient accuracy [Wendroth and Simunek, 1999]. Hence there is a 
trend toward determining the hydraulic conductivity in the wet range with steady state 
methods. Therefore, to measure the hydraulic conductivity accurately at low suction 
values, it is important to have a permeameter that employs the steady-state method and 
has more precious and robust measuring system.  
 
However, the measurement of unsaturated hydraulic conductivity in the laboratory is 
time-consuming and costly, as it requires special devices and generally the service of a 
skilled technical person. Therefore, numerous theoretical (indirect) methods have been 
proposed by researchers to predict the hydraulic conductivity of unsaturated soils 
(Fredlund et al., 1994; van Genuchten, 1980; Mualem, 1976; Kunze et al., 1968; Brooks 
and Corey, 1964). Most of these predictive methods require the saturated hydraulic 
conductivity and the soil-water characteristic curve (SWCC) as inputs. Typical 
characteristic shapes of SWCCs for drying and wetting conditions are shown in Fig. 1.  
The SWCC can be either measured in the laboratory or predicted using grain size 
distribution curve taking into account the factors such as dry density, porosity, and void 
ratio (Aubertin et al., 2003; Fredlund et al., 1997; Tyler and Wheatcraft, 1989; Gupta and 
Larson, 1979). Nevertheless, the predictive methods for unsaturated hydraulic 
conductivity have not been advanced to the similar extent and have not been verified 
using laboratory measurements to the similar extent. Therefore, it is important to verify 
the accuracy of the unsaturated hydraulic conductivity predictive methods by comparing 
them with laboratory measurements. 
 
This paper reports laboratory measurements of hydraulic conductivity functions of tests 
materials using a newly-designed permeameter employing the steady-state method. This 
permeameter consists of two pressure transducers located at different heights of the soil 
sample to measure the negative pore-water pressure values at steady-state condition. 
Water is allowed to flow through the sample under negative pore-water pressure by 
raising the permeameter above the water reservoir and the soil air pressure is maintained 
at atmospheric air pressure through the perforated cylindrical wall that the sample is 
enclosed. This method represents the field condition of unsaturated water flow rather than 
the axis-translation method which is commonly used to control the suction during steady-
state flow condition. This permeameter can be used to measure hydraulic conductivity of 
soil near saturation (suction of 0 – 10 kPa), hence it is more appropriate for sandy soils.   
The measured hydraulic conductivity functions of soils using were then compared with 
the conductivity functions obtained from three predictive methods proposed by (Fredlund 
et al., 1994; van Genuchten, 1980; Brooks and Corey, 1964). The SWCCs required for 
these predictions were measured in the laboratory using a Tempe pressure cell. 
 
Testing materials 
 
Two soils, namely Edosaki and Chiba soils, both from Japan, were used in the 
experimental work.  Edosaki sand was obtained from a natural slope in Ibaraki (Japan) 
and Chiba soil was excavated from a railway embankment in Chiba prefecture (Japan). 
Wet sieving analysis and hydrometer tests were performed on Edosaki and Chiba soils as 
these materials contained fines (particles finer than 75 m) contents of 17.1 and 36%, 
respectively. These sieve and hydrometer analyses were conducted using JGS (Japanese 
geotechnical Society) standard test methods. The grain-size distributions of test materials 
are shown in Fig. 2. Other basic soil properties for the two soils, including specific 
gravity, maximum void ratio, minimum void ratio, and plasticity index were measured in 
accordance with JGS standard test methods, and the results are shown in Table 1. The 
compaction properties of testing material (maximum dry density and optimum water 
content) shown in Table 1 were obtained from the standard proctor compaction test 
which applies 600 kN-m/m3 of energy to compact the soil sample. According to the 
Unified Soil Classification System, both soils can be classified as silty sand. The 
variation of saturated hydraulic conductivity of Edosaki soil with its dry density was 
measured by undertaking constant head permeability tests, and the results are shown in 
Fig. 3.  These results indicate that the saturated hydraulic conductivity decreases as dry 
density increases. 
 
Apparatus and Methodology 
 
Laboratory Measurement of Soil-Water Characteristics 
 
A Tempe pressure cell was used to obtain both drying and wetting SWCCs for test 
materials at different dry densities. The schematic diagram of the Tempe pressure cell 
used to obtain soil-water characteristic curves for the tests materials is shown in Fig. 4. 
This apparatus was designed and manufactured specifically for this project. It consists of 
a brass cylinder with 50 mm inner diameter and 60 mm height, a base plate on which a 
high air-entry (300 kPa) ceramic disk is embedded, and a top cap. A soil specimen is 
placed on the high air entry ceramic disk inside the retaining brass-cylinder of the Tempe 
pressure cell. A tube connected to the base plate (underneath the high air entry disk) 
allows water flow into and out of the soil specimen. Air pressure is supplied through the 
tube connected to the top cap while the pipe at the bottom of the specimen is connected to 
a water tank which is opened to atmosphere condition to maintain the specimen pore-
water pressure equal to zero (relative to atmosphere). The top and the bottom plates are 
fastened together during the test. 
 
 A test was started by saturating the high air-entry ceramic disk and the associated 
measuring system (the compartment between the ceramic disk and the base plate, the tube 
connected to the base plate). In order to saturate the ceramic disk and the associated 
system, base plate with embedded ceramic disk was immersed in a vacuum cylinder and 
left for one day. During this time, the cylinder was tapped regularly to expel the 
entrapped air in the water and the disk itself. After this process, a check was made to 
ensure the saturation of the associated system following the procedure described by 
Huang (1994). This check involved connecting the fully saturated system (the ceramic 
disk, the compartment below the ceramic disk, and the tube connected to the base plate) 
to a pore pressure transducer by the tube attached to the base plate. The surface of the 
ceramic disk was then wiped using a soft dry paper (a tissue) and the reading of the 
pressure transducer was observed with time. The saturation of the disk and the associated 
system was considered adequate, when a negative pore-water pressure of about 60~70 
kPa was observed subsequent wiping with the paper (Huang, 1994). Otherwise, the 
described process of saturation was conducted again. Fig. 5 shows the typical result of 
saturation check of the ceramic disk and the associated system. After confirming the 
saturation, the water was flushed through the bottom of the ceramic disk in order to 
saturate the upper portion of the disk which dried-up during the saturation-check. 
 
After the saturation check of the disk and the associated system, the base plate was 
connected to a water tank to maintain the saturation of the disk and the associated system. 
The brass-cylinder was then mounted and fastened to the base plate. Before sample 
preparation was started, the soil was oven-dried and the mass of the soil required to 
achieve the target density was computed. The soil was then mixed with water to achieve 
the gravimetric water content of 10% (for all tests). After closing the line connecting the 
base plate and the water tank and wiping out the surface of the ceramic disk, the required 
amount of soil was placed cylinder and compacted to the target density (moist tamping 
technique). Then the prepared specimen was saturated by sending water through the base 
plate as shown in Fig. 6. During the saturation, the weight of the assembly (the base plate, 
cylinder, and the specimen) was measured (after removing the excess water from the 
surface of the specimen) time to time. When the constant weight of the assembly was 
achieved, the top cap was mounted and tightened. Generally the saturation of the sample 
took 2 ~ 3 days. 
 
 Once the sample was saturated, the Tempe pressure cell was connected to a system as 
shown Fig.4. The water level of the water collecting tank was maintained at the middle 
height of the soil specimen and the tank was always vented to atmospheric pressure 
(pore-water pressure in the sample (uw) was assumed to be zero throughout the test). As 
first step, without applying any air-pressure (air pressure in the specimen (ua) is zero or 
atmospheric) into the specimen, the weight of the assembly was measured until constant 
weight was observed. The constant weight of the assembly corresponding to zero suction 
(ua-uw =0) was recorded. Then the air pressure (ua) was increased to another value (i.e., 
0.5, 1.0, 2.0, 3.0, 5.0, 7.0, 10.0, 20.0, 50.0, 100.0, 200.0 kPa) through the inlet tube on the 
top plate and the outlet tube located at the base plate allowed water to drain out to the 
water collecting tank, which was opened to atmospheric pressure, and its water level was 
maintained at the middle height of the soil specimen. When the air pressure was applied, 
water drained from the specimen through the high air-entry disk until the equilibrium was 
reached. When the equilibrium was ensured (the assembly reached a constant weight), the 
weight of the assembly was noted (corresponding air pressure was equal to the suction 
(ua-uw) as the water pressure was maintained atmospheric). During the weighing of the 
assembly, both tubes (inlet and outlet) were closed. The procedure was then repeated at a 
higher applied air pressure (i.e. to give higher matric suction) and the drying process was 
stopped at the suction of 200 kPa (applied air pressure 200 kPa). This apparatus cannot be 
used to obtain SWCC for the suction greater than 300 kPa as the air entry value of the 
used ceramic disk is only 300 kPa 
 
The wetting process was simulated by decreasing the air pressure from 200 kPa keeping 
the water pressure at the constant value of zero. Once the air pressure was decreased, 
water flowed into the cell through the disk until the equilibrium was reached. The weight 
of the assembly was noted when it reached the equilibrium. This procedure was repeated 
at lower water pressure (i. e. lower matric suction). When the specimen reached zero 
matric suction in the wetting process (i.e. water pressure was equal to the air pressure), 
the assembly was disconnected from the system and the water content corresponding to 
zero suction on wetting was measured by oven-drying the soil specimen. This water 
content together with previous change in weight of the assembly was used to back-
calculate the water contents corresponding to the other suction values. The suctions were 
then plotted against their corresponding water contents to obtain the SWCCs. It is worthy 
to note that the Tempe pressure cell used in this study can’t measure the volume change 
of soil sample and therefore it is suitable only for non-deformable soils during drying and 
wetting. Further, the Tempe pressure cell can’t be used to obtain SWCC of soil under 
difference confining pressure that would be worthy to investigate. The SWCC measuring 
systems developed by   Liu et al. (2012) and Ishikawa et al. (2010) can be used to obtain 
SWCCs of soils which deform during drying and wetting under different confining 
pressure.  
 
Laboratory measurement of unsaturated hydraulic conductivity 
 
In this study, the hydraulic conductivity functions of test materials were determined in the 
laboratory using a newly designed and manufactured permeameter that employs the 
steady-state method (Klute, 1965). The steady-state method for the measurement of the 
hydraulic conductivity is performed by maintaining a constant hydraulic head gradient 
across the soil specimen. The constant hydraulic head gradient leads to a steady-state 
water flow through the specimen. Steady-state conditions are achieved when the influent 
flow rate is equal to the effluent flow rate. The hydraulic conductivity, kw, which 
corresponds to the applied matric suction or water content, is computed. The experiment 
can be repeated for different magnitudes of matric suction or water content. This method 
can be used for both compacted and undisturbed specimens. 
 
Apparatus 
Figure 7 depicts the schematic diagram of the permeameter used to measure the 
unsaturated hydraulic conductivity. The apparatus consists of a brass cylinder with an 
inner diameter of 80 mm and a height of 70 mm (thickness of the cylinder is 3 mm), two 
steel porous filters, a Mariotte bottle to provide water with a constant head, two 
tensiometers (h1 and h2) for the measurement of pore-water pressures, and a bottom 
pedestal and a top cap made of acrylic. Small holes are made on the surface of the brass 
cylinder in order to maintain uniform atmospheric pore-air pressure inside the sample 
during the test. Two tensiometers were calibrated to measure water pressure heads in cm 
(both negative and positive) at two elevations in the specimen. The elevation difference 
of the two tensiometers (d) is 31 mm. The two steel porous filters used in the apparatus 
have the air-entry value of 12 kPa and the saturated hydraulic conductivity of 0.0025 
m/sec.  
 
Test procedure 
First, the two steel porous filters and ceramic cups of tensiometers were saturated by 
immersing in distilled water, which was subjected to negative pressure of 101.3 kPa 
(absolute vacuum), for 24 hours. One of steel porous filters was then placed on the 
bottom pedestal (this was done in de-aired water in order to avoid trapping of air bubbles) 
and water was sent to the bottom pedestal from the Mariotte bottle. The brass cylinder 
(the holes of which are temporally closed using sticky tape) was then mounted on to the 
bottom pedestal and the specimen was prepared inside the cylinder by employing a water 
sedimentation technique. Two tensiometers were installed during the sample preparation. 
After saturating the sample, the top cap, in which other steel filter was embedded in 
water, was positioned. Four tie-rods were used to tie both top and bottom caps together. 
During tightening, a valve connected to the bottom pedestal was vented to the atmosphere 
to drain out excess water, and the top cap was connected to water supply from the 
Mariotte bottle. It is important to fill the brass cylinder with soil just above the top before 
placing the top cap steel filer to make sure good contact between the soil and the filter 
during the test. 
 
Water was supplied to the top porous plate to develop a constant hydraulic gradient 
across the soil in the vertical direction. The water supply provides a constant hydraulic 
head by means of a Mariotte pipe. Water flows one-dimensionally through the top porous 
plate, the soil specimen, and the bottom porous plate. The outflow of water was 
maintained at a constant hydraulic head by controlling the outflow elevation, HL (see Fig 
7). Valves S1 and S2 were used to flush air bubbles that may accumulate in the water 
compartment adjacent to the porous steel filter. During the test, the permeameter was 
placed on an electronic balance with an accuracy of 0.001g to measure the change in 
water content in the soil specimen. 
 
The test was commenced at a condition near saturation (both tensiometer readings are 
approximately equal to zero) and continued through the drying process in accordance 
with the following procedure.  
 Both HL and HU were adjusted to have tensiometer readings, h1 and h2, were 
approximately equal to zero (positive and close to zero) and the holes on the 
cylinder were then opened to atmospheric conditions by simply removing the 
sticky tapes that kept holes closed during the sample preparation.  
 When the tensiometer readings were stable (no variation with time), steady-state 
condition was assumed. For a period of time, t, (e.g: 3600 sec), the mass of water 
(volume of water), Q, flowing across the cross-section area of the soil, A, was 
measured. To measure the mass of outflow water volume, Q, first the mass of 
small beaker with some water of which the surface was covered with silicon oil 
(to minimize water evaporation during outflow water collection) was measured 
and then the outflow water for the period of time, t, was collected to the same 
beaker and the final total mass was measured. The difference between two mass 
readings measured before and after the outflow water collection was used to 
calculate Q assuming the density of water is 1000 kg/m3 or 1 g/cm3. A balance 
with an accuracy of 0.001 g was used in measuring the mass of outflow water 
volume. 
 The stabilized pressure readings of two tensiometers (pore pressure sensor 1 and 2 
in Figure 7) were recorded and converted to pressure head values, h1 and h2 
respectively, by dividing the unit weight of water (9.81 kN/m3). These pressure 
head values and the distance, d, by which the tensiometers are placed apart, were 
used to calculate the hydraulic head gradient.  
 Darcy’s law was then used to calculate the hydraulic conductivity (kw) as shown 
in Eq. 1. The average matric suction corresponding to a particular hydraulic 
conductivity value was calculated by averaging the pressures measured by the 
tensiometers as shown in Eq. 2. At the same time, the weight of the permeameter 
was noted. 
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where, w = density of water (kg/m3); A = the cross sectional area of the soil (m2); d = 
distance between two tensiometers (m); g = gravitational acceleration (m/sec2); h1 and h2 
= pressure heads measured by tensiometers h1 and h2 (m); (ua -uw)average = corresponding 
matric suction (kPa). The pore-air pressure (ua) is assumed to be atmospheric inside the 
specimen. 
    
The above steps were then repeated for higher values of matric suction.  The matric 
suction of the specimen was increased by increasing HL and/or decreasing HU. When the 
rate of water outflow was extremely low or the matric suction of the sample was close to 
10 kPa, wetting was simulated by decreasing HL and/or increasing HU. The hydraulic 
conductivity test was repeated until the saturation of the specimen was achieved in the 
wetting process. The gravimetric water content corresponding to the saturation on the 
wetting process was measured by oven-drying the soil specimen. This water content 
together with previous change in weight of the permeameter was used to back-calculate 
the water contents corresponding to the calculated suctions and hydraulic conductivity 
values. It took about 7 ~ 10 days to complete a hydraulic conductivity test following the 
both drying and wetting paths of SWCCs of tested soils. 
 
Limitations and errors of the permeameter 
The new permeameter developed in this study is subjected to the following limitations 
and errors: 
 The steel filters used have the air-entry value of 12 kPa and therefore the 
permeameter cannot be used to measure hydraulic conductivity at a suction  
greater than 12 kPa. Further, to achieve high suction using this method, the 
permeameter should be placed above the zero air pressure level of the Mariotte 
pipe, this level difference is restricted by the ceiling height of the laboratory 
building. 
 Sandy soils which have residual suction greater than the air entry values of the 
filter used and the saturated hydraulic conductivity smaller than that of steel filter 
(in this apparatus, 0.0025 m/sec) are recommended to use with this permeameter. 
 Soils of which volumes contract in drying cannot be used as it creates a void 
between the upper filter and the top soil surface. This gap makes a discontinuity 
in the path of water flow through the sample. 
 When increasing suction, changing amount of water in the sample and outflow for 
a given time become very small and therefore errors associated with measuring 
the change in quantities of water masses and water evaporation of outflow 
collection should be minimized adopting appropriate techniques.   
 
Fitting of SWCC data and Prediction Methods of Unsaturated Hydraulic 
Conductivity 
 The three predictive methods for unsaturated hydraulic conductivity proposed by Brooks 
and Corey (1964), Van Genuchten (1980), and Fredlund et al. (1994) were used in this 
study. The authors chose these three predictive methods as they are widely used in 
numerical software such as SEEP/W. Each method uses the saturated hydraulic 
conductivity and the SWCC in the prediction of unsaturated hydraulic conductivity 
function. If the measured SWCC data are available, they should be fitted to obtain the 
relevant closed-form equation for each method. 
 
Brooks and Corey Estimation 
Brooks and Corey (1964) proposed a method for predicting the unsaturated coefficient of 
hydraulic conductivity. The method is based on the fit of the soil-water characteristic 
curve with the Brooks and Corey (1964) equation and the saturated permeability 
hydraulic conductivity of a soil. The Brooks and Corey (1964) equation that is used to 
best-fit the soil-water characteristic curve data is as follows: 
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where: θ = volumetric water content, θs = saturated volumetric water content, θr = 
residual volumetric water content, ψ = soil suction [kPa], ψb = curve fitting parameter 
(air-entry value) [kPa], λ = fitting parameter (pore-size distribution index). 
  The equation proposed by Brooks and Corey (1964) to estimate the unsaturated 
hydraulic conductivity of a soil is as follows: 
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where: k= hydraulic conductivity of the water phase, ksat= saturated hydraulic 
conductivity of the water phase, ψ = soil suction [kPa], ψb = Brooks and Corey (1964) 
soil-water characteristic curve fitting parameter (air-entry value) [kPa], λ = Brooks and 
Corey (1964) soil-water characteristic curve fitting parameter. 
 
 
Van Genuchten Estimation 
Since Brooks and Corey (1964) equation does not converge rapidly when used in 
numerical simulations of seepage in saturated-unsaturated soils, Van Genuchten (1980) 
proposed a closed form equation to estimate the hydraulic conductivity that may be used 
for saturated-unsaturated soils flow modeling. Van Genuchten (1980) proposed a method 
based on the saturated hydraulic conductivity and fitting of soil-water characteristic data 
by the Van Genuchten equation (1980). Equations [7] and [8] respectively present the 
equations proposed by Van Genutchen (1980) for the soil-water characteristics and the 
hydraulic conductivity of unsaturated soils. 
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where: k= hydraulic conductivity of the water phase, ksat= saturated hydraulic 
conductivity of the water phase, ψ = soil suction [kPa], α, n, m = Van Genuchten (1980) 
soil-water characteristic curve fitting parameters. 
 
Fredlund’s Equations 
Fredlund et al. (1994) presented a method of estimating the hydraulic conductivity of a 
soil as a function of soil suction. This method is based on the saturated hydraulic 
conductivity and the approach of Fredlund and Xing (1994) to describe soil-water 
characteristic curve. Equation [9] was proposed by Fredlund and Xing (1994) to fit soil-
water characteristic data and Equation [10] was proposed by Fredlund et al. (1994) to 
estimate the hydraulic conductivity of unsaturated soils. The integration in Equation [9] is 
complex and a closed-form solution is not available. Therefore, in numerical software 
such as SoilVision (2006), SEEP/W (2004) and VADOSE/W (2004), Simpson’s rule is 
generally used to integrate Equation [9]. 
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where:   volumetric water content, s  saturated volumetric water content,   soil 
suction (kPa), r   residual suction (kPa), e = a natural number (2.71828…), a, m, n = 
fitting parameters (The parameter a has the unit of pressure (kPa)). 
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where: k= hydraulic conductivity of the water phase (cm/sec), ksat= saturated hydraulic 
conductivity of the water phase (cm/sec), ψ = soil suction (function of volumetric water 
content), s  saturated volumetric water content, e natural number (2.71828..), 
y dummy variable of integration representing the logarithm of suction, '  the first 
derivative of the equation [9], b = ln(1000000), ψaev = air-entry value. 
 
Results and discussion 
 
Measured SWCCs of test materials  
 
Using the Tempe pressure cell and the associated test procedure explained in this paper, 
both drying and wetting SWCCs of test materials (Edosaki and Chiba soils) were 
measured in the laboratory. Fig. 8 depicts the measured SWCCs for Edosaki soil 
specimens at the initial dry densities of 1220 kg/m3 and 1350 kg/m3. The SWCCs shown 
in Fig. 9 are for Chiba soil samples at the initial dry densities of 1250 kg/m3 and 1420 
kg/m3. 
  As shown in Figs. 8 and 9, a significant hysteresis between the drying and wetting 
SWCCs can be observed for all the specimens. The hysteresis effect can be attributed to 
several causes (Hillel, 1998): 
   Ink bottle effect: Consider a large void interconnected by smaller passages (Fig. 
10(a)) and the hypothetical pore shown in Figs. 10(b) and 10(c). This pore 
consists of a relatively wide void of radius R, bounded by narrow channels of 
radius r. If initially saturated, this pore drains rapidly when the suction exceeds 
(ua-uw )r , where (ua-uw )r = 2Ts/r. For this pore to rewet , the suction must decrease 
below (ua-uw )R = 2Ts/R. Since R>r, it follows that (ua-uw )r >(ua-uw )R. So drying 
depends on the narrow radii of connecting channels, whereas the wetting depends 
on the maximum diameter of large pores. These discontinuous spurts of water can 
be observed readily in coarse sands in low suction range, where pores may empty 
at a relatively larger suction than that at which they fill. 
 Contact angle effect: the contact angle and the radius of curvature are greater in 
the case of an advancing meniscus (wetting) than in the case of resending (drying) 
one. Therefore, given water content will tend to exhibit greater suction in drying 
than in wetting. The contact angle hysteresis can arise because of surface 
roughness of soil particles and the presence of absorbed impurities on the surface 
of soil grains.  
 Entrapped air: within a group of soil grains or aggregate, pores of various sizes 
exist that can be visualized as many interconnecting bottlenecks. The smallest 
pores at the outermost of an aggregate govern maximum matric suction of a 
particular aggregate. Since the pore sizes are not uniform throughout an aggregate, 
larger pore can be found inside the aggregate. These pores do not control of affect 
the air entry value of aggregate. They have the tendency to retain water if they are 
surrounded by pores of smaller diameter when the soil is being dried under 
constant matric suction. However, these larger pores do not contain water when 
the soil has been previously dried prior to being wetted under similar matric 
suction. Hence, soil at drying always has greater water content than the soil at 
wetting (Orense, 2003). 
 Swelling – Shrinking or aging phenomena, which result in differential changes of 
soil structure, depending on the wetting and drying history of the sample can 
cause to have different water contents in the soil in drying and wetting at the same 
suction. The solution of air, or the lease of dissolved air from soil-water, can also 
have differential effect on the suction – water content relationship of soil during 
wetting and drying. 
 
The hysteresis shown in Figs. 8 and 9 is likely attributed to ink-bottle effect, contact 
angle effect, and entrapped air. The swelling-shrinking or aging phenomena is unlikely to 
have a significant effects on the observed hysteresis between drying and wetting SWCCs, 
as the soils are non-reactive  and no soil aging can occur as the test (both drying and 
wetting) was completed within one month. 
As shown in Figs. 8 and 9, it can be observed that the size of hysteresis loop decreases as 
the dry density of the soil sample increases. The similar test results were also reported by 
Croney and Coleman (1954). The ink-bottle effect may be more pronounced in soils with 
large pores than that with small pores. In addition, a large pore size distribution in a loose 
specimen may lead to a larger difference in the receding and advancing contact angles 
than that in a dense one. When the dry density of soil specimen increases, the average 
size of pores in the soil matrix reduces. That is also evident from the reduction of 
porosity (in other words, the saturated volumetric water content). As a result, the radius 
of curvature of meniscus decreases and the corresponding suction increases. Therefore, 
for the same volumetric water content, the denser the soil specimen, the greater the 
corresponding suction. Increasing the initial density of a soil sample makes the rate of de-
saturation lower. 
 
The results depict that none of wetting curves reaches full saturation at the end of the 
wetting paths. The looser the sample, the lower the degree of saturation (Gallage and 
Uchimura, 2010). The non-return of the wetting paths may be attributed to air trapped in 
the soils. The observed difference in the degree of saturation achieved between a loose 
and a dense specimen suggests that air trapped in large pores is more difficult to be 
displaced by capillary force than that in the small pores. Full saturation is very difficult to 
achieve in loose specimens through capillary action alone. Moreover, the ink-bottle effect 
is likely to be more pronounced in a loose than in a dense soil specimen.  
 
When two different soils (one soil has greater fines content than the other) with the same 
initial moisture content are compacted to achieve the same initial dry density, the 
specimen of the soil with more fines can have greater numbers of small pores and more 
small pores connected with a large pore compared to the specimen of the soil with less 
fines content. Therefore, the specimen of soil with more fines   content can exhibit larger 
hysteresis than that of soil with less fines content (Figs. 8 and 9). This could be due to the 
pronounced effects of ink-bottle phenomenon and entrapped air.  
 
Figs 11 to 14 present the fitting of SWCC drying data corresponding to the four tests 
noted earlier, using the three fitting methods given by Brooks and Corey (1964), Van 
Genuchten (1980), and Fredlund and Xing (1994). As shown in these figures, all three 
methods could provide very good fitting curves for laboratory measured data in the 
suction range of 0~200 kPa. The fitting parameters used in Figs 16 to 19 are summarized 
in Table 2. 
  
Measured hydraulic conductivity of test materials 
 
The hydraulic conductivity of unsaturated soil is a function of material variables 
describing the pore structure (e.g., void ratio and porosity), the pore fluid properties (e.g., 
density of viscosity), and the relative amount of pore fluid in the system (e.g., water 
content and degree of saturation). The unsaturated hydraulic conductivity function 
describes the characteristic dependence on the relative amount of pore fluid in the system. 
The hydraulic conductivity function is typically described in terms of matric suction, 
degree of saturation, or volumetric water content. 
 
Figure 15 depicts the hydraulic conductivity function of Edosaki soil for the initial dry 
density of 1350 kg/m3. The results shown in Fig. 15 was obtained using the modified 
permeameter discussed in this paper and conducting two tests on identical soil specimen 
in order to examine the repeatability of the measurement of the hydraulic conductivity 
function of unsaturated soils using the modified permeameter. The measured hydraulic 
conductivity corresponds to the drying curve of SWCC. Based on these results, though 
limited, it can be concluded that tests of hydraulic conductivity measurement are 
reproducible. Similarly, the unsaturated hydraulic conductivity function for Chiba soil at 
the initial dry density of 1250 kg/m3 was measured following the drying process. As 
shown in Fig. 16, the hydraulic conductivity decreases as the suction increases (or water 
content decreases) and this trend is similar to that is shown in Fig. 15.  
 
At condition (a) in Fig. 15, the soil matrix is completely saturated and the matric suction 
is zero. The saturated volumetric water content s is equal to about 0.41 (Fig. 8) and the 
saturated hydraulic conductivity ks is equal to about 2.3x10-6 m/s (Fig. 15), both 
reasonable values for sand. The saturated hydraulic conductivity is a maximum for the 
system because the   area of pore space available for the conduction of water is at its 
maximum. Conversely, the air conductivity at condition (a) is effectively zero. Between 
points (a) and (b), the soil matrix sustains a finite amount of suction prior to de-
saturation, which commences at the air-entry pressure. The soil remains saturated within 
this regime and the hydraulic conductivity may decrease slightly as the air-entry pressure 
is approached. Condition (b) represents the air-entry pressure, corresponding to the point 
where air begins to enter the largest pores. A further increase in suction from this point 
results in continued drainage of the system. At point (c), drainage under increasing 
suction has resulted in a significant decrease in both the water content and hydraulic 
conductivity. The reduction in conductivity continues with increasing suction as the paths 
available for water flow continue to become smaller and more tortuous. The reduction is 
initially relatively steep because the first pores to empty are the largest and most 
interconnected and, consequently, the most conductive to water. At point (c), which 
occurs near the residual water content, the pore water exists primarily in the form of 
disconnected menisci among the soil grains. Here, the hydraulic conductivity reduces to 
very small value. 
 
Figures 17 and 18 show the variation of measured hydraulic conductivity with suction for 
both drying and wetting processes. The hysteresis would be observed in both the soil-
water characteristic curve and the hydraulic conductivity function. Because the soil water 
characteristic curve exhibits hysteresis (Figs. 8 and 9), and because hydraulic 
conductivity is directly related to the soil-water content, hysteresis becomes evident when 
hydraulic conductivity is plotted as a function of suction. Hydraulic conductivity is 
generally greater along a drying path (where the volume fraction of liquid-filled pores is 
greater) than for the same magnitude of suction along a wetting path. On the other hand, 
as shown in Figs. 19 and 20, only minor hysteresis is noted in the relationship between 
hydraulic conductivity and volumetric water content. This observation is commonly 
attributed to the fact that hydraulic conductivity is directly related to the volume fraction 
of the pore space available for liquid flow, which is directly described by either 
volumetric water content or degree of saturation. Similar results were reported by Nielsen 
and Biggar (1961), Topp and Miller (1966), Corey (1977), and Hillel (1982). Childs 
(1969), however, cautions that although volumetric water content and degree of 
saturation are indeed direct descriptions of the fraction of liquid-filled pores, neither can 
specifically identify the characteristics of those pores that are in fact filled. Pores that are 
filled during drying may certainly be different in size and shape than those that are filled 
during wetting, having a consequent effect on the hydraulic conductivity. In the majority 
of cases, these possible hysteretic effects are neglected in light of the advantages afforded 
by expressing the hydraulic conductivity as a unique function of either volumetric water 
content or degree of saturation in simplifying the prediction and modelling of unsaturated 
fluid flow phenomena. 
 
Prediction of hydraulic conductivity function of unsaturated soils 
 
The direct measurement of the unsaturated hydraulic conductivity function is difficult 
and expensive as this test is time consuming and needs a special hydraulic conductivity 
apparatus. These difficulties of measuring the unsaturated hydraulic conductivity function 
directly are often overcome by predicting the function. In most predictive methods, the 
SWCC and the saturated hydraulic conductivity are used. In this study, the measured 
unsaturated hydraulic conductivity function is compared with the results of three such 
predictive methods (Brooks and Corey (1964), Van Genuchten (1980), and Fredlund at al. 
(1994)) which are widely used in numerical software, such as SEEP/W (2004) and 
SoilVision (2006). 
 
In order to compare the measured and the predicted hydraulic conductivity of unsaturated 
soils, four tests conducted in the laboratory to obtain the variation of the hydraulic 
conductivity with suction during drying are considered. Two tests were conducted on 
Edosaki specimens at initial dry densities of 1220 kg/m3 and 1350 kg/m3. Other two tests 
were conducted on Chiba soil specimens at initial dry densities of 1250 kg/m3 and 1420 
kg/m3. 
Figs 11 to 14 present the fitting of SWCC drying data corresponding to the four tests 
noted earlier, using the three fitting methods given by Brooks and Corey (1964), Van 
Genuchten (1980), and Fredlund and Xing (1994). As shown in these figures, all three 
methods could provide good fit for laboratory measured data in the suction range of 
0~200 kPa. The fitting parameters used in Figs 11 to 14 are summarized in Table 2. 
 
Using the SWCC fitting parameters summarized in Table 2 and the saturated hydraulic 
conductivity of soils, the unsaturated hydraulic conductivity was predicted by employing 
the methods proposed by Brooks and Corey (1964), Van Genuchten (1980), and Fredlund 
at al. (1994). Figs 21 to 24 show the comparison of the measured hydraulic conductivity 
of unsaturated soil with the permeability function predicted. It can be seen from Figs 21 
to 24 that the measured values of the coefficient of permeability reasonably agree with 
the predictions using the all three methods for test materials in the suction range of 0 ~ 10 
kPa. For the tests undertaken, the best estimation was obtained using Fredlund et al. 
(1994) method while the estimated hydraulic conductivity function from Van Genuchten 
(1980) method was significantly different from the measured one. This difference could 
be attributed to the model parameters included in the predictive hydraulic conductivity 
model such as parameter m (m=1-1/n). 
 
Conclusions 
 
In this study, the SWCCs and the variation of the hydraulic conductivity with respect to 
soil suction for two sandy soils at different densities were measured in the laboratory 
using defined test techniques. The measured values of hydraulic conductivity were then 
compared with the predicted values using three different methods proposed by Brooks 
and Corey (1964), Van Genutchen (1980), and Fredlund at el. (1994). The conclusions 
from this study are as follows: 
 
 When drying of the same material but with higher initial dry density, the air entry 
value of the soil became higher and specimens de-saturated at a slower rate than 
for low-density specimens. Further, the high-density specimens had higher water 
contents than the low-density specimens at matric suctions beyond their air-entry 
values. Similarly, when wetting of the same material but with higher initial dry 
density, the water-entry value became higher and the material showed less 
hysteresis.   This appears to be due to the general reduction of pore sizes due to 
higher initial density, as reflected by the lower porosity.  
  The hydraulic conductivity remained reasonably the same as the saturated 
hydraulic conductivity until suction increases to the air-entry value. The increase 
in suction beyond the air-entry value caused decrease of the hydraulic 
conductivity in a non-linear fashion. 
 The hydraulic conductivity measured following the drying and wetting of the soil 
specimen showed a significant hysteresis when plotted with suction. 
 The hydraulic conductivity obtained during the drying and wetting of the soil 
specimen appears to exhibit a little of essentially zero hysteresis when plotted 
with the water content. 
 The SWCC data fitting equations proposed by Brooks and Corey (1964), Van 
Genuchten (1980), and Fredlund and Xing (1994) can be used to best-fit 
measured SWCC data of test soils for the suction range of 0~ 200 kPa. 
 Although the predicted hydraulic conductivity using three methods used in this 
study reasonably agree with the measured values, the Fredlund et al. (1994) gave 
a more accurate prediction. 
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Table 1: Physical properties of test materials 
 
 
Properties Edosaki soil Chiba soil 
Specific gravity, Gs 2.75 2.72 
Mean Grain size, D50 [mm] 0.22 0.14 
Coefficient of uniformity, Cu= D60/D10 17.10 54.40 
Coefficient of gradation, Cc=(D30)2/(D10*D60) 3.97 1.95 
Sand content, [%] 83.60 64.00 
Fines content, [%] 16.40 36.00 
Maximum void ratio, emax 1.59 1.74 
Minimum void ratio,  emin 1.01 1.11 
Liquid limit [%] NP 25.78 
Plastic limit [%] NP 23.52 
Plastic index NP 2.26 
Soil classification according to USCS SM SM 
Optimum water content, w [%] 16.01 17.56 
Maximum dry density, ρd [kg/m3] 1720 1700 
 
 
Table 2: Fitting parameters of drying soil-water characteristic data 
 
 
 
Soil Initial dry 
density, ρd 
[g/cm3] 
Saturated 
volumetric 
water content, 
θs 
Brooks and Corey (1964) Van Genuchten (1980) Fredlund and Xing (1994) 
ac nc θrc avg nvg θrvg af nf mf Ψr 
Edosaki 
soil 
1.22 0.440 1.619 1.009 0.080 0.346 2.665 0.022 2.233 6.893 0.443 6.525 
1.35 0.410 2.401 0.818 0.088 0.200 2.500 0.098 3.320 5.453 0.403 10.130 
Chiba 
soil 
1.25 0.529 2.873 0.639 0.170 0.250 1.700 0.159 3.696 10.729 0.195 11.913 
1.42 0.451 4.170 0.276 0.070 0.100 1.800 0.180 7.123 14.099 0.130 19.535 
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Fig. 1: Typical soil-water characteristic curves 
 
 
 
 
0.001 0.01 0.1 1 10
0
20
40
60
80
100
 
 
P
er
ce
nt
 fi
ne
r [
%
]
Grain size [mm]
 Edosaki soil
 Chiba soil
 
Fig. 2: Grain size distribution curves for test materials 
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Fig. 3: Variation of saturated hydraulic conductivity of Edosaki soil with dry density 
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Fig. 4: Schematic diagram of Tempe pressure cell 
0 1000 2000 3000 4000
-100
-80
-60
-40
-20
0
disk was wiped with
soft paper
 
P
or
e 
pr
es
su
re
 [k
P
a]
Elapsed time [sec]
 
Fig. 5: Saturation check of the high air-entry ceramic disk embedded in the base plate of Tempe pressure cell. 
 
 
 
 
Fig. 6: Saturation of the specimen 
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Fig. 7: Schematic diagram of the permeameter used to measure unsaturated hydraulic conductivity in the 
laboratory 
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Fig. 8: Measured soil-water characteristic curves of Edosaki soil 
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Fig. 9: Measured soil-water characteristic curves of Chiba soil 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10: (a) How big pores connected with small pores in real soil grain structure,  The ink-bottle effect 
determines the equilibrium height of water in a variable-width pore: (b) in capillary drainage (desorption) and 
(c) in capillary rise (absorption) (after Hillel, 1998) 
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Fig. 11: Fitting of drying soil-water characteristic data of Edosaki soil for initial dry density of 1220 kg/m3 
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 Fig. 12: Fitting of drying soil-water characteristic data of Edosaki soil for initial dry density of 1350 
kg/m3 
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Fig. 13: Fitting of drying soil-water characteristic data of Chiba soil for initial dry density of 1250 
kg/m3 
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Fig. 14: Fitting of drying soil-water characteristic data of Chiba soil for initial dry density of 1420  
kg/m3
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Fig. 15: Variation of the hydraulic conductivity with suction during drying (Edosaki sand at initial dry 
density of 1350 kg/m3) 
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Fig. 16: Variation of the hydraulic conductivity with suction during drying (Chiba soil at initial dry 
density of 1250 kg/m3) 
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Fig. 17: Variation of the hydraulic conductivity  with the suction during drying and wetting (Edosaki 
soil at initial dry density  of 1220 kg/m3) 
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Fig.18: Variation of the hydraulic conductivity with the suction during drying and wetting (Chiba soil 
at initial dry density of 1420 kg/m3) 
 
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
0.0
1.0x10-5
2.0x10-5
3.0x10-5
4.0x10-5
5.0x10-5
Edosaki soil
 
 
H
yd
ra
ul
ic
 c
on
du
ct
iv
ity
, k
 [m
/s
ec
]
Volumetric water content, w 
d= 1220 kg/m
3
 Drying
 Wetting
 
Fig. 19: Variation of the hydraulic conductivity with the volumetric water content during drying and 
wetting (Edosaki sand at initial dry density of 1220 kg/m3) 
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Fig. 20: Variation of the hydraulic conductivity with the volumetric water content during drying and 
wetting (Chiba soil at initial dry density of 1420 kg/m3) 
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Fig. 21: Comparison of measured and predicted hydraulic conductivity functions during 
drying of Edosaki soil for initial dry density of 1220 kg/m3 
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Fig. 22: Comparison of measured and predicted hydraulic conductivity functions during 
drying of Edosaki soil for initial dry density of 1350 kg/m3 
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Fig. 23: Comparison of measured and predicted hydraulic conductivity functions during 
drying of Chiba soil for initial dry density of 1250 kg/m3 
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Fig. 24: Comparison of measured and predicted hydraulic conductivity functions during 
drying of Chiba soil for initial dry density of 1420 kg/m3 
